It has been hypothesized that decreased neurogenesis in the dentate gyrus may be involved in mediating depressive disorders, which are 1.5-3 times more frequent in women than in men. Additionally, prenatal stress may increase the risk of developing depression in adulthood. However, the interrelations between prenatal stress and the development of depression in adulthood, preferentially in females, are not understood. Here, we subjected pregnant rats to a single 20-min period of restraint stress on day 18 after mating. When the offspring were 75 days of age, the numbers of granule cells and pyramidal cells (area CA1-3) in the hippocampus were analyzed with the optical fractionator. The Cavalieri's principle was applied to analyze the volumes of both granule cell layer and pyramidal cell layer in the hippocampus. Prenatally stressed females, but not males, had reduced numbers of hippocampal granule cells compared to their non-prenatally stressed counterparts. This is the first report of a sex-specific difference concerning the reduction of the number of hippocampal granule cells due to prenatal stress. In humans, prenatal stress may induce cell loss in the granule cells of the hippocampus preferentially in females compared to males, and this may be a sex-specific predisposing factor for the development of depression in adulthood.
It has been hypothesized that decreased neurogenesis in the dentate gyrus may be involved in mediating depressive disorders, which are 1.5-3 times more frequent in women than in men. Additionally, prenatal stress may increase the risk of developing depression in adulthood. However, the interrelations between prenatal stress and the development of depression in adulthood, preferentially in females, are not understood. Here, we subjected pregnant rats to a single 20-min period of restraint stress on day 18 after mating. When the offspring were 75 days of age, the numbers of granule cells and pyramidal cells (area CA1-3) in the hippocampus were analyzed with the optical fractionator. The Cavalieri's principle was applied to analyze the volumes of both granule cell layer and pyramidal cell layer in the hippocampus. Prenatally stressed females, but not males, had reduced numbers of hippocampal granule cells compared to their non-prenatally stressed counterparts. This is the first report of a sex-specific difference concerning the reduction of the number of hippocampal granule cells due to prenatal stress. In humans, prenatal stress may induce cell loss in the granule cells of the hippocampus preferentially in females compared to males, and this may be a sex-specific predisposing factor for the development of depression in adulthood. Current research on the neurobiological substrates of depression suggests the following: (i) The hippocampus is an important brain area in mediating hormonally-induced changes in depressive behavior. 1 (ii) Decreased neurogenesis in the dentate gyrus of the hippocampus related to stress-induced increases in plasma glucocorticoids may be involved in mediating depressive affect. [2] [3] [4] (iii) Prenatal stress (PNS), which can increase plasma glucocorticoids, may disrupt the development of the fetal brain, and increase the risk of developing depression in adulthood. 5 (iv) Prenatally stressed rats may be an animal model for depression. 6 (v) Depressive disorders are 1.5-3 times more frequent in women than in men. 7 These findings are congruous with our data presented here, which demonstrate a reduced number of hippocampal granule cells in adult female, but not male, rats subjected to mild prenatal restraint stress compared to controls. Continuing our previous work on prenatal stress, 8, 9 we exposed pregnant Long-Evans rats to a single 20-min period of restraint stress on gestational day 18. The adult (75-day-old) offspring showed no statistically significant reduction in the volumes of granule or pyramidal cell layers, or the number of pyramidal cells. Nevertheless, there was a pattern for the prenatally stressed females to have smaller hippocampi than their non-prenatally stressed counterparts ( Figure 1 ). This was due to the fact that prenatally stressed females, but not males, had reduced numbers of hippocampal granule cells compared to their non-prenatally stressed counterparts. Because it has been demonstrated that ovarian steroids have a stimulatory effect on the proliferation of hippocampal granule cell precursors, 10 we investigated hippocampal volumes and cell numbers of female and male offspring subjected to gonadectomy at postnatal day 55. However, the results were identical to those obtained for the non-gonadectomized animals ( Table 1 ). These data confirm and extend previous reports which show that females exposed to prenatal stress are more vulnerable than their male counterparts.
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This is the first report of a sex-specific difference concerning the reduction of the number of hippocampal granule cells due to prenatal stress. Our findings from rats not subjected to prenatal stress are consistent with previous reports in the literature. 12 To date, reduction in the number of hippocampal granule cells due to prenatal stress has only been reported for males subjected to more salient prenatal stress than was utilized in the present experiment (ie, repeated saline injections 9 or repeated restraint 13 during the last week of pregnancy). There is a correlation between decreased neurogenesis and a reduced number of hippocampal granule cells due to prenatal stress. 13 Furthermore, increased levels of glucocorticoids, which are elevated with prenatal stress, inhibit neurogenesis in the dentate gyrus. 14 Our previous work has demonstrated that the prenatal stress paradigm utilized here produces greater increases in corticosterone levels of adult females, compared to male rats. 8 Together these data suggest that the reduced number of granule cells seen in the females, but not in the males, subjected to modest prenatal stress may be a result of decreased neurogenesis.
Hippocampal granule and pyramidal cells are critical for learning and memory. Thus, stress-induced reduction of the number of granule cells may disturb an important physiological balance in these cell types in the hippocampus and possibly in learning and memory or processes that are associated with a depressive state. 2, 3 Particularly notable is that relatively mild prenatal stress may predispose an alternation between the balance of hippocampal granule and pyramidal cells of females. Thus, prenatal stress may induce cell loss in the granule cells of the hippocampus preferentially in females compared to males, and this may be a sex-specific predisposing factor for the development of depression in adulthood. Indeed, female PNS rats show increased depressive behavior in the forced swim task when administered estrogen, compared to control females, for whom estrogen has anti-depressant effects, or PNS or control males, that show low levels of maladaptive, depressive behavior, independent of the hor- Most interestingly, the results presented here may shed new light on the pathophysiology of depressive disorders in humans. Three different models have recently been outlined relating the affective and cognitive symptoms of depression with the morphological and functional changes in the hippocampus. 3 In the first, an array of interacting factors including stress, hypercortisolism and a biological vulnerability cause depression and its associated affective symptoms. These symptoms give rise to the inhibition of neurogenesis in the hippocampus and hippocampal volume loss, which then contribute to the cognitive deficits of sustained depression. In the second, related model, the affective symptoms and hypercortisolism arise from the same reasons as in the first model. However, the hypercortisolism is directly responsible for the structural and functional alterations in the hippocampus. The third, different model asserts there is impaired hippocampal neurogenesis perhaps due to a developmental anomaly. In this model, impaired neurogenesis precedes and predisposes toward depression and its affective and cognitive symptoms, and the loss of hippocampal volume is a direct consequence of the impaired neurogenesis. 2 Hypercortisolism may or may not precede the impaired neurogenesis, and may or 16 analysis of neuron number was carried out by counting approximately 1000 neurons in approximately 300, systematically randomly spaced, optical disectors per layer and animal, using the CAST system (Olympus, Denmark; analysis at final magnification of × 3600 with an Olympus UPlanApo objective, 100×, oil, NA = 1.35). Volume estimates were calculated from the cross-sectional areas of the layers delineated with the CAST system at final magnification of × 720 with an Olympus UPlanApo objective (20×, NA = 0.70). Statistical analysis was carried out using ANOVA and post hoc Bonferroni's multiple comparison test.
may not directly contribute to it. 3 Reservations have been raised against the latter model because there is little biological rationale connecting the rate of neurogenesis in the hippocampus with affective states such as helplessness and anhedonia. 3 Furthermore, subjecting tree shrews (a prosimian primate) to psychosocial stress induced some neurobiological and physiological alterations reminiscent of those seen in human depressives (eg, increase in basal cortisol levels by approximately 50%, a roughly 30% decrease in proliferation of new cells in the hippocampus, and a nonsignificant trend toward a decrease in total hippocampal volume). 15 These data are consistent with the first and the second model, but are not compatible with the third one. 3 This is due to the fact that in the described study 15 psychosocial stress with depressive-like symptoms as an intermediate factor could impair hippocampal neurogenesis, a relationship that is-at least at first glance-opposite to the impairment of hippocampal neurogenesis as a starting point toward depression and its affective and cognitive symptoms. However, this discrepancy could be overcome-as well as an important link be established between the three models outlined above-if a subset of animals starting off with the lowest basal rate of neurogenesis and the highest basal corticosterone levels will be most vulnerable to a certain psychosocial stress paradigm. 3 The results of the present study show that this may be the case when investigating a randomly selected population of subjects and considering mild-and therefore potentially overlooked-prenatal stress as a predisposing factor for high basal corticosterone levels, low basal rates of neurogenesis, and reduced numbers of hippocampal granule cells in a subset of subjects, particularly in females.
To summarize, the results presented here show for the first time a gender-specific reduction in the number of hippocampal granule cells due to mild prenatal stress. Together with various other data obtained from the same animal model, this result might serve as a first indication how mild prenatal stress can act as a genderspecific predisposing factor for developing neurobiological alterations reminiscent of those seen in human depressives.
Methods
Pregnant Long-Evans rats (n = 6) were exposed to a single 20-min period of restraint stress in a Plexiglas restrainer on gestational day 18. Another six pregnant dams were left undisturbed and served as controls. One female and one male offspring per dam was gonadectomized (gdx; n = 24) at postnatal day 55 or remained intact (n = 24). Twenty days after gdx or sham surgery, the offspring were perfused with formalin. 9 Thus, eight groups of six offspring of different dams, distinguished by sex, prenatal treatment, and gdx, were obtained. After preparing and cryoprotecting the brains, 9 left brain halves were entirely cut to serial, 100-m thick sagittal sections on a cryostat. Sections were stained with cresyl violet (0.01%, 20 min). 9 For the left hippocampus, the numbers of granule cells and pyramidal cells (area CA1-3) were analyzed by means of the optical fractionator. 9, 16 The Cavalieri's principle 16 was applied to analyze the volumes of both granule cell layer and pyramidal cell layer (area CA1-3) in the left hippocampus. Analyses of variance and post hoc Bonferroni's multiple comparison test were used to ascertain differences among groups. The alpha level for statistical significance was P Ͻ 0.05.
